Introduction
============

Radiotherapy is a very important tool in the fight against cancer and is used in the treatment of as many as 50% of all cancer patients [@B1]-[@B3]. Compared with the conventional radiotherapy, the targeted radiotherapy (TRT) is an emerging approach for tumor treatment, which delivers the radiation in a targeted manner by a ligand that specifically binds to receptors overexpressed on the surface of some cancerous cells, thus providing good efficacy and tolerability outcomes [@B4]-[@B7].

Integrin α~v~β~3~ is highly expressed on some tumor cells and new-born vessels, but is absent in resting vessels and most normal organ systems, making it a very attractive target for both tumor cell and tumor vasculature targeted imaging and therapy [@B8]-[@B10]. Integrin α~v~β~3~ has been proven to specifically recognize Arg-Gly-Asp (RGD) tripeptide sequence. In the last 20 years, a series of RGD peptide-based probes have been intensively developed for multimodality molecular imaging of integrin α~v~β~3~-positive tumors [@B11]-[@B15]. However, the RGD-based targeted radionuclide therapy is typically rare. Janssen ML *et al*. reported, for the first time, the integrin α~v~β~3~ targeted radionuclide therapy with ^90^Y-labeled dimeric RGD peptide E\[c(RGDfK)\]~2~ in the NIH:OVCAR-3 subcutaneous (s.c.) ovarian carcinoma-bearing nude mouse model. A single injection of 37 MBq of ^90^Y-DOTA-E\[c(RGDfK)\]~2~ caused a significant tumor growth delay in treatment group as compared with the untreated control group [@B16].

Since a promising TRT relies on the maximized radiation accumulation and retention in tumors while minimizing the exposure of radiolabeled agents to normal tissues, many attempts, including multivalency and PEGlaytion, have been made to pursue more ideal RGD probes with high tumor targeting capability [@B17]-[@B19]. We have combined both multivalency and PEGlaytion concepts together and developed a series of new RGD dimers with PEG~4~ and Gly~3~ linkers (e.g. 3PRGD~2~, a dimeric RGD peptide with 3 PEG~4~ linkers, see Fig [1](#F1){ref-type="fig"}) [@B20]-[@B24]. The previous result showed that the 3PRGD~2~ conjugate (DOTA-3PRGD~2~, IC~50~ = 1.25 ± 0.16 nM) had higher binding affinity to integrin α~v~β~3~ than the RGD monomer (c(RGDyK), IC~50~ = 49.89 ± 3.63 nM) and RGD dimer conjugates (DOTA-RGD~2~, IC~50~ = 8.02 ± 1.94 nM). The radiolabeled 3PRGD~2~ resulted in a high tumor uptake and improved in vivo pharmacokinetics as compared with those conventional RGD multimers, including RGD dimer (RGD~2~) and tetramer (RGD~4~), which simply utilized the multivalency concept to increase the tumor uptake [@B15], [@B17]-[@B21], [@B24]. Furthermore, kit-formulated ^99m^Tc-3PRGD~2~ has been successfully applied in clinic for characterization of malignant solitary pulmonary nodules (SPNs) [@B25], identification of differentiated thyroid cancer (DTC) patients with radioactive iodine-refractory (RAIR) lesions [@B26], and detection of lung cancer [@B27]. Given the promising results of ^99m^Tc-3PRGD~2~ for imaging in clinic, we were encouraged to further investigate the radiotherapeutic efficacy of radiolabeled 3PRGD~2~. In our previous research, ^90^Y-3PRGD~2~ showed comparable tumor growth inhibition but significantly lower toxicity as the lower accumulation in normal organs in comparison of ^90^Y-RGD~4~ [@B24], indicating that the TRT of radiolabeled 3PRGD~2~ merits further investigation to achieve the better radiotherapeutic efficacy.

^177^Lu, with longer half-life of 6.7 days and relatively mild β^-^-emission (Emax: 0.497 MeV), offers the advantages to achieve higher injected dose amount and longer retention of radiation in tumors but lower irradiation of normal tissues adjacent to the tumors as compared with ^90^Y (half-life: 2.67 d, Emax: 2.28 MeV). Moreover, the γ-emission of ^177^Lu enables its use for the imaging and dosimetry assessment of patients before and during treatment without requiring a surrogate tracer. In this study, ^177^Lu radiolabeled 3PRGD~2~ was first investigated in terms of Glioblastoma multiforme (GBM) targeting capability and imaging feasibility, and was then examined in a therapeutic efficacy study on single dose as well as two-dose regimen TRT in a GBM animal model.

Angiogenesis is a key early event in tumor progression and metastasis. The inhibition of tumor growth by anti-angiogenic drugs has been achieved both in preclinical studies and in clinical trials, where promising anti-tumor responses have been reported for a variety of anti-angiogenic agents [@B28]. Endostar, a novel recombinant human endostatin, which was approved by the China Food and Drug Administration (CFDA) in 2005 for clinical applications, showed strong growth inhibition of a variety of murine and xenotransplanted human tumors by suppressing neovascularization [@B29]-[@B31]. The combination of radiotherapy and chemotherapy is an appealing approach that has led to improved treatment results in patients with advanced solid tumors [@B32]-[@B35]. Herein, the combination therapy employing ^177^Lu-3PRGD~2~TRT and Endostar anti-angiogenic therapy (AAT) was utilized to treat U87MG glioblastoma in a mouse model. Our aim was to optimize the therapeutic effect of radiolabeled 3PRGD~2~ for TRT of integrin α~v~β~3~-positive tumors.

Materials and Methods
=====================

Materials
---------

All commercially available chemical reagents were of analytical grade and used without further purification. See the [supplemental material](#SM1){ref-type="supplementary-material"}for the details.

Preparation of ^177^Lu-3PRGD~2~
-------------------------------

The 3PRGD~2~ peptide was conjugated with chelator DOTA using previously described method [@B15]. For ^177^Lu radiolabeling, 3700 MBq of ^177^Lu was diluted in 100 μL 0.4 M sodium acetate buffer (pH 5.0), and added to 50 μg DOTA-3PRGD~2~ conjugate (1 μg/μL in water) in a 1.5 mL eppendorf tube. The reaction tube was incubated in air bath for 10 min at 100 °C, and the ^177^Lu labeled peptide was then purified by the Sep-Pak C-18 cartridge. The quality control (QC) of the tracer was carried out with radio-HPLC by the previously reported method [@B15]. The purified product was dissolved in saline and passed through a 0.22 μm syringe filter for in vivo animal experiments.

Cell culture and animal model
-----------------------------

U87MG human glioblastoma cells were obtained from American Type Culture Collection (Manassas, VA). U87MG tumor model was established by subcutaneous injection of 2×10^6^U87MG tumor cells into the right thighs. All animal experiments were performed in accordance with guidelines of Institutional Animal Care and Use Committee of Peking University. See the [supplemental material](#SM1){ref-type="supplementary-material"}for the detailed procedures.

Biodistribution studies
-----------------------

Female nude mice bearing U87MG xenografts (4 mice per group) were injected with 370 kBq of ^177^Lu-3PRGD~2~ via tail vein to evaluate the distribution in major organs. The mice were sacrificed at 1 h, 4 h, 24 h and 72 h postinjection (p.i.). Blood, heart, liver, spleen, kidney, brain, lung, intestine, muscle, bone and tumor were harvested, weighed, and measured for radioactivity in a γ-counter (Wallac 1470-002, Perkin-Elmer , Finland). A group of four U87MG tumor-bearing nude mice was co-injected with 350 μg of c(RGDyK) for blocking study, and the biodistribution was performed at 1 h p.i. using the same method. Another group of four U87MG tumor-bearing nude mice was injected with 370 kBq of ^177^Lu-3PRGD~2~ following with 3 days of intraperitoneal Endostar administration (8 mg/kg per day), then the biodistribution was performed at 72 h p.i. using the above method. Organ uptake was calculated as the percentage of injected dose per gram of tissue (%ID/g). Values were expressed as mean ± SD (n = 4/group).

Gamma imaging
-------------

For the planar γ**-**imaging, the U87MG tumor-bearing nude mice were anesthetized with an intraperitoneal injection of sodium pentobarbital at a dose of 45.0 mg/kg. Each animal was administered with \~74 MBq of ^177^Lu-3PRGD~2~ in 0.2 mL of saline (n = 3 per group). Animals were placed on a two-head γ-camera (GE Infinia Hawkeye) equipped with a parallel-hole, low-energy, and high-resolution collimator. Images were acquired at 4 h and 24 h p.i., and stored digitally in a 128×128 matrix. The acquisition count limits were set at 500 k counts.

Maximum tolerated dose studies
------------------------------

The maximum tolerated dose (MTD) of ^177^Lu-3PRGD~2~ in non-tumor-bearing female BALB/c nude mice was determined by intravenous injection of escalating activities of ^177^Lu-3PRGD~2~ (37, 74 and 111 MBq per mouse), respectively (n = 7 per group). Body weight and health status were determined twice weekly over 20 days. Peripheral blood was collected from the tail vein twice weekly and then tested in a blood analyzer for white blood cell (WBC), red blood cell (RBC), hemoglobin (HGB), platelet (PLT) and neutrophile granulocyte (GRN) counts, etc. The MTD was set below the dose that caused severe loss of body weight (\>20% of original weight), or death of one or more animals of a dose group.

Targeted radiotherapy and combined therapy
------------------------------------------

To assess the therapeutic potential of^177^Lu-3PRGD~2~, U87MG tumor-bearing nude mice with a tumor size of \~50 mm^3^ were randomly assigned to several groups (n = 9 mice per group). Control group was injected via tail vein with single dose injection of saline. For TRT, U87MG tumor mice were dosed intravenously with either a single injection of 0.2 mL of ^177^Lu-3PRGD~2~ (5.55 GBq/kg; 111.0 MBq/0.2 mL; peptide 1.5 μg) or 2 equal doses on day 0 and day 6 (cumulative dose, 111.0 MBq/0.2 mL×2; peptide 1.5 μg/injection).

For the combination of TRT and AAT, a single dose injection of ^177^Lu-3PRGD~2~ (111 MBq) on day 0 combined with once daily administration of Endostar (8 mg/kg peritumoral subcutaneous (s.c.) injection) for 2 weeks (day 0 - 13). Furthermore, a scheduled dose injection of ^177^Lu-3PRGD~2~ (111 MBq) on day 5 combined with pretreatment of once daily administration of Endostar (8 mg/kg s.c. injection) for 5 days, then the Endostar treatment was continued for a total of 2 weeks (day 0 - 13).

Tumor dimensions were measured twice weekly with digital calipers, and the tumor volume was calculated using the formula: volume = 1/2 (length ×width ×width) [@B36]. To monitor potential toxicity, body weight was measured. Mice were euthanized when the tumor size exceeded the volume of 1,500 mm^3^ or the body weight lost \>20% of original weight.

Histopathology and immunohistochemistry
---------------------------------------

Frozen U87MG tumor tissues were cryo-sectioned and evaluated by standard hematoxylin and eosin (H&E) staining and immunohistochemistry (IHC). See the [supplemental material](#SM1){ref-type="supplementary-material"}for the detailed procedures.

Statistical analysis
--------------------

Quantitative data are expressed as means ± SD. Means were compared using one-way analysis of variance (ANOVA) and Student\'s t test. P values \<0.05 were considered statistically significant.

Results
=======

Preparation of ^177^Lu-3PRGD~2~
-------------------------------

After radiolabeling and purification, the specific activity of ^177^Lu tracer was typically about 7.4-14.8 MBq/nmol (0.2-0.4 Ci/mmol), with radiochemical purity greater than 99.5% (labeling yield more than 95%) as determined by analytic radio-HPLC.

Tumor uptake of ^177^Lu-3PRGD~2~
--------------------------------

In biodistribution studies, the ^177^Lu-3PRGD~2~ depicted a similar biodistribution pattern with previously reported ^111^In-3PRGD~2~, which represents for ^90^Y-3PRGD~2~ [@B24]. As shown in Fig [2](#F2){ref-type="fig"}A, the uptake of ^177^Lu-3PRGD~2~ in U87MG tumors was 6.03 ± 0.65 %ID/g at 1 h p.i., which was decreased to 4.62 ± 1.44 %ID/g, 3.55 ± 1.08 %ID/g, and 1.22 ± 0.18 %ID/g at 4 h, 24 h, and 72 h p.i., respectively (n = 4/group). The %ID/g data are available as [supplementary material](#SM1){ref-type="supplementary-material"}(Table S1). ^177^Lu-3PRGD~2~ showed rapid blood clearance, and was cleared predominantly through both gastrointestinal and renal pathways as evidenced by relatively high intestine uptake (5.16 ± 0.48 %ID/g and 4.15 ± 1.12 %ID/g) and kidney uptake (4.18 ± 1.08 %ID/g and 3.13 ± 0.59 %ID/g) at 1 h and 4 h p.i., respectively. The tumor uptake of ^177^Lu-3PRGD~2~ was significantly inhibited by co-injection of the excess cold RGD peptide in blocking study (*P*\<0.001, Fig [2](#F2){ref-type="fig"}C, [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S1), indicating the receptor-mediated targeting of ^177^Lu-3PRGD~2~ in integrin-positive U87MG tumors.

The influence of anti-angiogenic therapy with Endostar on ^177^Lu-3PRGD~2~tumor uptake was also determined. No difference on the tumor uptake was observed between the treatment and no-treatment groups (Fig [2](#F2){ref-type="fig"}D, P \>0.5). The result may suggest that the ^177^Lu-3PRGD~2~and Endostar do not bind to and work on the same receptor, although the binding mechanism of Endostar at the molecular level is unclear.

In planar γ**-**imaging study, the U87MG tumors receiving ^177^Lu-3PRGD~2~ were clearly visible at 4 h and 24 h p.i., with high contrast to the contralateral background (Fig [3](#F3){ref-type="fig"}A-B). Prominent gastrointestinal and renal uptake of this radiolabeled compound was also observed, suggesting both gastrointestinal and renal clearance of ^177^Lu-3PRGD~2~. Taken altogether, the imaging result was consistent with the biodistribution study.

Safety of ^177^Lu-3PRGD~2~
--------------------------

For the MTD determination, the animal body weight, WBC, RBC, HGB, PLA and GRN counts were analyzed after an escalating single injection dose of ^177^Lu-3PRGD~2~ [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S3, Fig [4](#F4){ref-type="fig"}. All those parameters showed a dose-dependent reduction. On day 9 p.i., these parameters reached the lowest level and then recovered to the baseline on day 16 p.i. (Fig [4](#F4){ref-type="fig"}). Overall, neither significant body weight loss (\>20% of the original) nor mortality was observed in all groups. The highest dose (111 MBq) did not reach the MTD of ^177^Lu-3PRGD~2~ in mice.

Therapeutic efficacy of targeted radiotherapy and combined therapy
------------------------------------------------------------------

The therapeutic efficacy of ^177^Lu-3PRGD~2~ was investigated in integrin α~v~β~3~-positive U87MG tumor-bearing nude mice. ^177^Lu-3PRGD~2~ possessed significant tumor inhibition effect as compared with the saline control group on day 28 post-treatment (*P*\<0.005, Fig [5](#F5){ref-type="fig"}A-B). From day 6, the mice receiving the 2 × 111 MBq dose regimen of ^177^Lu-3PRGD~2~ exhibited the much better tumor growth inhibition as compared with the 111 MBq single dose (*P*\<0.001 for day 6-14; *P*\<0.01 for day 16-18; *P*\<0.05 for day 20-26, Fig [5](#F5){ref-type="fig"}A).

The Endostar AAT was performed via peritumoral s.c. injection and intraperitoneal (i.p.) injection. Only the group administrated via peritumoral s.c. injection exhibited significant tumor inhibition effect as compared with the saline control group (Fig [5](#F5){ref-type="fig"}C-F, [Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig S1). The tumor inhibition was further promoted by combining the ^177^Lu-3PRGD~2~ TRT with Endostar AAT (peritumoral s.c. injection daily for two weeks), especially after day 18 (Fig [5](#F5){ref-type="fig"}C-D,*P*\<0.05). No synergetic effect on tumor growth inhibition was observed when the ^177^Lu-3PRGD~2~ TRT combined with the Endostar AAT by i.p. injection [Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig S1C-D, S2D). As shown in Fig [5](#F5){ref-type="fig"}E-F, pretreatment with Endostar (s.c.) for 5 days before ^177^Lu-3PRGD~2~ TRT didn\'t further improve the therapeutic efficacy, but exhibited a similar tumor inhibition effect as compared with the treatment group in which both ^177^Lu-3PRGD~2~ TRT and Endostar AAT were initiated on day 0 (Fig [5](#F5){ref-type="fig"}E-F).

A dose-dependent reduction of body weight was observed, but no significant body weight loss (\>20% of the original) was observed in all treatment groups ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig S4).

Immunofluorescence staining
---------------------------

CD31 and Ki67 immunofluorescence staining was performed to validate the therapeutic efficacy of ^177^Lu-3PRGD~2~ and Endostar treatment. Consistent with the therapy data, the tumor vasculature and Ki67 positive area in the ^177^Lu-3PRGD~2~ and Endostar treatment groups are much less than the control group, demonstrating the vasculature damage and the tumor cell proliferation inhibition of ^177^Lu-3PRGD~2~, as well as the neovascular growth inhibition of Endostar (Fig [6](#F6){ref-type="fig"}. Among the therapy groups, the repeated dose regimen and combination of ^177^Lu-3PRGD~2~ and Endostar (s.c.) showed the best therapeutic efficacy.

Discussion
==========

The physical properties of ^177^Lu offer advantages compared to ^90^Y. ^177^Lu emits low energy γ-rays which directly allow quantitative determination of the biodistribution and dosimetry as well as the γ-imaging of the ^177^Lu-labeled tracers without using a radionuclide surrogate. In addition, ^177^Lu has shorter tissue penetration range (Rmax: 2 mm) and relatively mild β^-^-emission (Emax: 0.497 MeV), which is favorable for treatment of small tumors and micrometastases, and offers the advantage of lower irradiation of normal tissues adjacent to the tumors [@B37], [@B38]. Thus, ^177^Lu-labeled peptides are more suitable for high dose and multiple-dose regimens. Given the promising glioblastoma growth inhibition by the targeted ^90^Y-3PRGD~2~radionuclide therapy in our previous study [@B24], ^177^Lu was employed in this study to introduce higher dose and multiple-dose regimens, which successfully improved the tumor inhibition efficacy.

Since the efficacy of TRT mainly depends on the specific accumulation of radiation in tumor, the tumor uptake and tumor-to-non-tumor (T/NT) ratios are crucial for a therapeutic agent. Here, we compared the biodistribution data of ^177^Lu-3PRGD~2~ with ^111^In-3PRGD~2~/^111^In-RGD~4~ (as the surrogates of ^90^Y-3PRGD~2~/^90^Y-RGD~4~). As ^90^Y is a pure β^-^ nuclide, biodistribution and imaging for ^90^Y-labeled agents are usually estimated using ^111^In-labeled corresponding agents, which is biologically equivalent to ^90^Y-labeled agents [@B24]. The tumor uptake of ^177^Lu-3PRGD~2~ at later time points (3.5 ± 1.1 %ID/g and 1.2 ± 0.2 %ID/g at 24 and 72 h p.i. respectively) was slightly higher than ^111^In-3PRGD~2~ (as the surrogate of ^90^Y-3PRGD~2~) (2.03 ± 0.24 %ID/g and 0.45 ± 0.05 %ID/g) and more comparable to ^111^In-RGD~4~ (as the surrogate of ^90^Y-RGD~4~) (3.67 ± 0.57 %ID/g and 1.72 ± 0.41 %ID/g), providing stronger and longer radiation treatment. Moreover, the uptake of ^177^Lu-3PRGD~2~ in normal organs, especially kidneys (4.2 ± 1.1 %ID/g and 3.1 ± 0.6 %ID/g at 1 h and 4 h p.i., respectively), was much lower than that of ^111^In-RGD~4~ (13.23 ± 1.22 %ID/g and 10.99 ± 0.88 %ID/g) [@B24], which resulted in much higher T/NT ratios and possibly much lower toxicity, indicating the desirable properties of this therapeutic agent (Fig [1](#F1){ref-type="fig"}A-B and Fig [2](#F2){ref-type="fig"}C-D). Thus, with the advantage of the relative long half-life (2.67 d) of ^177^Lu, the very high and potentially tumoricidal accumulated absorbed doses could be achieved.

Imaging and dosimetry before and during therapy are very valuable for the treatment planning and for the evaluation of the outcome. However, the dosimetric data on radiolabeled 3PRGD~2~ are still rare. For the first time, the human absorbed doses to normal organs for ^177^Lu-3PRGD~2~ were estimated from biodistribution data in U87MG tumor-bearing mice by using a dedicated software (OLINDA/EXM) (Table [2](#T2){ref-type="table"}). It shows much lower whole body absorbed doses (0.014 ± 0.004 mSv/MBq) than ^177^Lu-DOTA-Y^3^-TATE (0.031 ± 0.007 mSv/MBq) [@B39], which has been currently using in clinic. The γ-imaging of ^177^Lu-3PRGD~2~ in U87MG tumors revealed high tumor uptake and fast clearance from liver, kidneys and intestine, which was consistent with the biodistribution data. With this imaging potential, the ^177^Lu-3PRGD~2~ could be not only used for TRT, but also used as imaging diagnosis agent for screening patients before personalized TRT and guiding the treatment [@B37], [@B38].

Hematological parameters and body weight loss were used as the gross toxicity criteria in the MTD study. The mice exhibited much higher tolerance to ^177^Lu-3PRGD~2~ (\>55.5 GBq/kg or 150 mCi/kg) as compared with ^90^Y-3PRGD~2~ (27.7 GBq/kg or 75 mCi/kg), which was most likely due to its relatively mild β^-^-emission inducing less irradiation in normal organs, especially in the kidneys and liver. The higher MTD of ^177^Lu-3PRGD~2~ would allow higher single dose administration, and also possible treatment regimen of multiple doses.

Radiolabeled RGD peptides can specifically bind integrin α~v~β~3~ expressed both on tumor cell surface and the new-born tumor vasculature [@B38], therefore, ^177^Lu-labeled RGD peptides are considered to specifically deliver radiotherapeutics to both the integrin α~v~β~3~-expressing tumor cells and the tumor neovasculature, which may lead to better management of solid tumors. In our radionuclide therapy studies, partial tumor regression was successfully achieved by a single dose of 111 MBq ^177^Lu-3PRGD~2~, and the therapeutic effect of ^177^Lu-3PRGD~2~ was significantly better than that of control group (Fig [5](#F5){ref-type="fig"}A-B, S2A), while the tumor volume doubling time (TVDT) was 11 days and 3 days, respectively (Table [1](#T1){ref-type="table"}). Due to the higher MTD and longer tumor radiation retention, ^177^Lu-3PRGD~2~ possessed more gratifying tumor regression effect as compared with ^90^Y-3PRGD~2~ at well-tolerated doses (TVDT: 11 days vs. 7 days, Table [1](#T1){ref-type="table"}) [@B24]. Yoshimoto M. *et al*. reported that multiple-dose administration (11.1 MBq × 3) of ^90^Y-DOTA-c(RGDfK) (RGD monomer) induced more significant inhibition of tumor growth than single dose injection (TVDT: 12 days vs. 10 days) [@B40]. Considering the less toxicity of ^177^Lu-3PRGD~2~, the higher or multiple-dose injection of ^177^Lu-3PRGD~2~ is speculated to be more effective for tumor therapy. We also investigated the repeated dose administration of ^177^Lu-3PRGD~2~ in U87MG tumor model, and the second dose was administrated on day 6 with the interval as one half-life of ^177^Lu. Two cycles of ^177^Lu-3PRGD~2~ administration significantly increased the anti-tumor effect as compared with the single dose (TVDT: 28 days vs. 11 days), which is more pronounced compared with (11.1 MBq × 3) of ^90^Y-DOTA-c(RGDfK) (TVDT: 28 days vs.12 days), even remarkably cured one tumor among 7 tumors (Fig [5](#F5){ref-type="fig"}A-B, S2A, Table [1](#T1){ref-type="table"}). Since the single dose TRT showed notable tumor regression until day 20, the two dose regimen might be optimized by extending dosing interval to 20 days to get prolonged therapy efficacy. It could be further improved by introducing more repeated doses in the multiple dose regimen as well. The vasculature destruction and tumor cell proliferation inhibition of^177^Lu-3PRGD~2~TRT resulted in the reduced tumor vasculature and tumor growth inhibition, which were confirmed by CD31 and Ki67 staining. Both CD31^+^ vascular endothelial cells and Ki67 positive areas showed significant reduction, suggesting ^177^Lu-3PRGD~2~treatment induced vasculature collapse and tumor regression (Fig [6](#F6){ref-type="fig"}). These findings were also confirmed by H&E staining results, which showed more structural damages in tumor tissue of the TRT treatment group (Fig [6](#F6){ref-type="fig"}).

Endostar, as an endogenous inhibitor of angiogenesis, has been verified to combine with standard chemotherapy or radiation therapy regimens to improve the tumor regression [@B30], [@B31], [@B41]. Zhou J. et al. reported that combining Endostar with external beam radiotherapy successfully improved the inhibition of the NPC (Nasopharyngeal carcinoma) xenograft tumor growth and increased the sensitivity of tumor cells to radiation [@B30]. In the current study, the cross-influence of Endostar injection to ^177^Lu-3PRGD~2~tumor uptake was firstly evaluated. As a result, the tumor uptake was found non-affected during the Endostar treatment (Fig [2](#F2){ref-type="fig"}D). The results insured that ^177^Lu-3PRGD~2~and Endostar could be used as a combination therapy. The tumor growth was significantly inhibited only by administrating Endostar via peritumoral s.c. injection, possibly due to the poor concentration of Endostar dose in U87MG tumor by systemic administration (TVDT: 21 days vs. 5 days) [Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig S1, S2C-D, Table [1](#T1){ref-type="table"}, which also has been proved by Schmidt group [@B28]. Combination therapy of ^177^Lu-3PRGD~2~TRT and Endostar (s.c.) futher improved the tumor regression, which was more notable starting from day 18 than the mono-therapy with ^177^Lu-3PRGD~2~ or Endostar (s.c.), and the TVDT was remarkably prolonged to more than 28 days (Fig [5](#F5){ref-type="fig"}C-D*,*S2B, Table [1](#T1){ref-type="table"};*P*\<0.05). Also, the vasculature destruction and tumor cell proliferation inhibition of AAT and combination therapy were confirmed by CD31 and Ki67 staining, which showed significantly reduced CD31^+^ vascular endothelial cells and Ki67 positive areas, suggesting vasculature collapse and tumor regression (Fig [6](#F6){ref-type="fig"}). These findings were also confirmed by H&E staining results, which showed more structural damages in the tumor tissues of the combination treatment group.

Fang P. et al. [@B41] reported that Endostar could normalize the morphology and function of nasopharyngeal carcinoma (NPC) vasculature for a period of time, leading to transient improvement in tumor oxygenation and response to radiation therapy. According to their findings, the normalization window was mostly during the first treatment 5-7 days, which was proved in the U87MG tumor model by performing tumor IHC analysis with CD31and NG-2 staining [Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig S3). NG-2 antibody was used to label pericytes around vascular, since increased pericyte coverage was considered as a key characteristics of tumor vessel normalization ([@B41]. As shown in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig S3, the NG-2 positive area was found significantly enhanced at Endostar (s.c.) treatment on day 5 - 7, compared to untreatment on day 0 and post-treatment day 14. However, the strategy that administrated Endostar 5 days in advance then combined with ^117^Lu-3PRGD~2~ induced no further therapeutic improvement, compared with that both Endostar and ^117^Lu-3PRGD~2~ were initiated at the day 0 (Fig [5](#F5){ref-type="fig"}E-F). More pretreatment studies with Endostar combined radiotherapy are still needed in the future to figure out if the normalization window theory would be suitable for TRT strategy. Other integrin α~v~β~3~-positive tumor models and orthotropic tumor model should be involved in the further investigation. Our latest work of ^68^Ga-3PRGD~2~ imaging for the orthotropic GBM has showed the feasibility to treat GBM orthotropic tumor with ^177^Lu-3PRGD~2~ TRT [@B42].

Combination therapy showed comparable tumor growth inhibition to the two-dose TRT, but the latter does not need to repeat injection daily for weeks, which is more convenient and appreciatory for clinical use. Given the favorable in vivo properties of ^177^Lu-3PRGD~2~and its promising tumor treatment efficacy in animal model, it could potentially be rapidly translated into clinical practice in the future.

Conclusion
==========

^177^Lu-3PRGD~2~ exhibited high specific tumor targeting properties and relatively low uptake in normal organs, especially in kidneys and liver, leading to relatively low toxicity and higher MTD of ^177^Lu-3PRGD~2~, comparing with ^90^Y-3PRGD~2~. The high MTD of ^177^Lu-3PRGD~2~ made it more suitable for high dose or multiple-dose regimens, so as to achieve maximum therapeutic efficacy. Either the repeated high-dose regimen of ^177^Lu-3PRGD~2~or combination treatment of ^177^Lu-3PRGD~2~with Endostar potently enhanced the tumor growth inhibition. Compared to Endostar combined treatment, the repeated ^177^Lu-3PRGD~2~ does not need to inject daily for weeks, avoiding a lot of unnecessary inconvenience and suffering for patients, which could potentially be rapidly translated into clinical practice in the future to improve the outcome of integrin α~v~β~3~-positive tumor treatment in clinic.

Supplementary Material
======================

###### 

Methods, Table S1-S2, Figure S1-S4.

###### 

Click here for additional data file.

This work was financially supported, in part, by the Outstanding Youth Fund (81125011), "973" program (2013CB733802 and 2011CB707703), National Natural Science Foundation of China (NSFC) projects (81000625, 30930030, 81222019, 30900373, 81201127, 81028009 and 81321003), grants from the Ministry of Science and Technology of China (2012ZX09102301-018, 2011YQ030114, and 2012BAK25B03-16), and grants from the Ministry of Education of China (31300 and BMU20110263).

DOTA
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:   PEG~4~-Glu{cyclo\[Lys(PEG~4~)-Arg-Gly-Asp-D-Phe\]-cyclo\[Lys(PEG~4~)-Arg-Gly-Asp-D-Phe\]}

PEG~4~-E\[PEG~4~-c(RGKfD)\]~2~ (3PRGK~2~)

:   PEG~4~-Glu{cyclo\[Arg-Gly-Lys(PEG~4~)-D-Phe-Asp\]-cyclo\[Arg-Gly-Lys(PEG~4~)-D-Phe-Asp\]}

E{E\[c(RGDfK)\]~2~}~2~ (RGD~4~)

:   Glu{Glu\[cyclo(Lys-Arg-Gly-Asp-D-Phe)\]-cyclo(Lys-Arg-Gly-Asp-D-Phe)}-{Glu\[cyclo(Lys-Arg-Gly-Asp-D-Phe)\]-cyclo(Lys-Arg-Gly-Asp-D-Phe)}.

![The chemical structure (A) and HPLC chromatography (B) of ^177^Lu-3PRGD~2~.](thnov04p0256g001){#F1}

![(A) Biodistribution of ^177^Lu-3PRGD~2~ in U87MG tumor-bearing nude mice at 1 h, 4 h, 24 h, and 72 h after injection (370 kBq per mouse). (B) T/NT ratios of ^177^Lu-3PRGD~2~ in U87MG tumor-bearing nude mice at 1 h, 4 h, 24 h, and 72 h after injection (370 kBq per mouse). (C) Comparison of biodistribution of ^177^Lu-3PRGD~2~ with/without cold peptide blocking in U87MG tumor-bearing nude mice at 1 h after injection (370 kBq per mouse). (D) Comparison of biodistribution of ^177^Lu-3PRGD~2~ with/without Endostar treatment in U87MG tumor-bearing nude mice at 72 h after injection (370 kBq per mouse). Data are expressed as means ± SD (n = 4 per group).](thnov04p0256g002){#F2}

![Representative planar gamma images of U87MG tumor-bearing nude mice at 4 h and 24 h after intravenous injection of \~74 MBq of ^177^Lu-3PRGD~2~. (n = 3 per group). Tumors are indicated by arrows.](thnov04p0256g003){#F3}

![A MTD study was completed using escalating ^177^Lu-3PRGD~2~ doses of 0, 37, 74 and 111 MBq. Each dose was tested in seven female BALB/c nude mice. A hematology profile was measured twice-weekly, including (A) white blood cell (WBC), (B) red blood cell (RBC), (C) hemoglobin (HGB), (D) platelet (PLT), (E) neutrophile granulocyte (GRN). (F) Body weight was measured every other day.](thnov04p0256g004){#F4}

![(A) Radionuclide therapy of established U87MG tumor in nude mice with saline (as control), ^177^Lu-3PRGD~2~single dose (111 MBq), or ^177^Lu-3PRGD~2~ two doses (111 MBq × 2 on day 0 and day 6, respectively). (B) Tumor pictures of groups in (A) at the end of treatment. (C) Combination therapy of established U87MG tumors in nude mice with saline (as control), Endostar (8 mg/kg, peritumoral subcutaneous injection), ^177^Lu-3PRGD~2~ (111 MBq), or ^177^Lu-3PRGD~2~ (111 MBq) + Endostar (8 mg/kg, peritumoral subcutaneous injection). (D) Tumor pictures of groups in (C) at the end of treatment. (E) Combination therapy of established U87MG tumors in nude mice with saline (as control), Endostar (8 mg/kg, peritumoral subcutaneous injection), Endostar (8 mg/kg, (s.c.) peritumoral subcutaneous injection) + ^177^Lu-3PRGD~2~ (111 MBq day 0), or Endostar (8 mg/kg, peritumoral subcutaneous injection) + ^177^Lu-3PRGD~2~ (111 MBq day 5). (F) Tumor pictures of groups in (E) at the end of treatment. The time point of radioactivity administration was indicated by an arrow. Volume of tumors in each treatment group was measured and expressed as a function of time (means ± SD, n = 7 per group).](thnov04p0256g005){#F5}

![A) CD31(green), Ki67(red), DAPI(blue) staining and Hematoxylin-Eosin (H&E) staining of the frozen U87MG tumor tissue slices at the end of treatment with saline (as control), ^177^Lu-3PRGD~2~ (111 MBq), ^177^Lu-3PRGD~2~ (111 MBq × 2), Endostar (8 mg/kg, peritumoral subcutaneous injection) and ^177^Lu-3PRGD~2~ (111 MBq) + Endostar (8 mg/kg, peritumoral subcutaneous injection). B) Density of CD31 was analyzed by Image J software, C) Density of Ki67 was analyzed by Image J software.](thnov04p0256g006){#F6}

###### 

Tumor volume doubling time of all experimental groups in therapy studies.

  Experimental groups                                     Tumor volume doubling time (days)
  ------------------------------------------------------- -----------------------------------
  Control                                                 3
  Cold peptide(\~5 μg @ day 0)\*                          3
  ^177^Lu-3PRGD~2~ (111 MBq @ day 0)                      11
  ^177^Lu-3PRGD~2~ (111 MBq × 2 @ day 0 and day 6)        28
  Endostar treatment (i.p. 8 mg/kg/day for two weeks)\#   5
  ^177^Lu-3PRGD~2~ + Endostar (i.p.)\#                    15
  Endostar treatment (peritumoral s.c.)                   21
  ^177^Lu-3PRGD~2~ + Endostar (peritumoral s.c.)          \>28
  ^90^Y-3PRGD~2~ (37 MBq @ day 0)\*                       7
  ^90^Y-3PRGK~2~ (37 MBq @ day 0)\*                       4
  ^90^Y-RGD~4~ (37 MBq @ day 0)\*                         6
  ^90^Y-RGD~4~ (18.5 MBq @ day 0)\*                       3
  ^90^Y-RGD~4~ (18.5 MBq × 2 @ day 0 and day 6)\*         5

Note:

\#: data showed in [supplementary material](#SM1){ref-type="supplementary-material"}(Fig S1-2).

\*: data from previous paper [@B24]. The 3PRGK~2~ is a nonsense counterpart of 3PRGD~2~.

Endostar treatment was administrated at 8 mg/kg daily for two weeks via either i.p. or peritumoral s.c. route.

All the single dose of ^177^Lu-3PRGD~2~ (111 MBq) in combination therapy was administrated on day 0.

###### 

Human absorbed dose estimates of ^177^Lu-3PRGD~2~ obtained from U87MG tumor mice.

  Target Organ           Effective Dose (mSv/MBq)              
  ---------------------- -------------------------- ---------- ---
  Adrenals               3.36E-06                   3.08E-07   4
  Brain                  2.83E-06                   5.24E-07   4
  Breasts                1.29E-05                   5.52E-06   4
  LLI Wall               3.92E-05                   3.00E-05   4
  Small Intestine        3.34E-06                   4.02E-06   4
  Stomach Wall           2.11E-04                   1.88E-04   4
  ULI Wall               3.46E-06                   3.25E-06   4
  Heart Wall             7.75E-04                   1.54E-04   4
  Kidneys                7.39E-04                   2.21E-04   4
  Liver                  7.77E-04                   1.21E-04   4
  Lungs                  2.52E-03                   4.58E-04   4
  Muscle                 2.20E-06                   4.73E-07   4
  Pancreas               4.18E-06                   5.26E-07   4
  Red Marrow             5.25E-05                   1.08E-05   4
  Osteogenic Cells       8.75E-05                   3.10E-05   4
  Skin                   1.86E-06                   7.74E-07   4
  Spleen                 5.81E-03                   1.19E-03   4
  Thymus                 8.92E-07                   3.52E-07   4
  Thyroid                9.02E-06                   4.49E-06   4
  Urinary Bladder Wall   9.26E-06                   7.49E-06   4
  Total Body             1.35E-02                   4.49E-03   4

[^1]: Competing Interests: The authors have declared that no competing interest exists.
